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Available online 28 April 2016AbstractThe hydrocarbon accumulation history of 2536.5 me2697.0 m of Well Sutan 1was studied, and the geological and geochemical data
including the homogenization temperature of fluid inclusion and the geochemical characteristics of the crude oil were analyzed. The results
showed that the crude oil had the properties of a high degree of evolution. The precursor type was mainly high terrestrial plants. Among them,
crude oil from depths of 2620.67 m, 3640.57 m and 2697 m had been charged with crude oil with aquatic organism. The crude oil was deposited
in weak oxidizing to oxidizing environment with fresh to slight saline water, which is better for preservation and transformation of organics. The
characteristic of fluid inclusion with Well Sutan 1 showed that there were at least three occasions of filling of oil and one of filling of gas. Also,
petroleum accumulation existed in the crude oil on two occasions. The reservoir forming time of the first charge with oil was about 142 Ma, and
the second charge with oil was about 107 Ma, which is tectonic inversion of the Yanshanian Orogenic Movement in the Late-Early Cretaceous.
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Lake Sag, covering an area of about 7000 km2, is located in
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2468-256X/Copyright © 2016, Lanzhou Literature and Information Center, Chinese Academy of Science
China. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open39380 N and longitude 93300 E-95200 E. It is situated be-
tween the Altun Mountains and the southern foot of the
Danghenanshan to the north, the big and small Saishiteng
Mountain to the south, the north foot of the Turgen Daban
Mountain to the southeast and the Zongwulong Mountain to the
southwest. By regional tectonic units, the Sag is located on the
north of the uplift belt of the northern margin of the Qaidam
Basin (referred to as “North Qaidam”), the west end of the south
Qilian mountain Caledonian fold belt, the southeastern part of
which is the Hercynian fold belt, the southwestern part of which
is the Caledonian fold belt of North Qaidam, and the north-
western part of which is the Altun fault zone. There are two
Mesozoic formations in the Sag (Fig. 1) that are well developed.s AND Langfang Branch of Research Institute of Petroleum Exploration and Development, Petro-
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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gshuigou Formation, Lulehe Formation, Lower Ganchai For-
mation, Upper Ganchai Formation of Miocene Series, Lower
Youshashan Formation of Pliocene series, and Qigequan For-
mations of the Pleistocene series, respectively. Previous studies
of oil gas drilling have indicated that the Mesozoic source rock
in this area had certain hydrocarbon potential; however, the oil
test results were not ideal for many times. Thus, in this paper,
the crude oil samples of Well Sutan 1 (2536.5 m-2697 m) were
analyzed from organic geochemistry and hydrocarbon accu-
mulation science to study the characteristics of the biomarkers
and hydrocarbon accumulation.
2. Samples and experiments
Nine sandstones from the Well Sutan 1 reservoir were
collected from a depth between 2536.5 m and 2697 m in the
Sugan Lake Sag area of the Qaidam Basin.
The sample testing was completed by the Geochemical
Testing Department of the Lanzhou Center for Oil and Gas
Resources, Institute of Geology and Geophysics, Chinese
Academy of Sciences.
The fluorescent characteristics observation of inclusions was
conducted under the condition of ultraviolet excitation by use of
a Nikon 80i three-channel advanced fluorescence microscope.
The micro temperature measurement of fluid inclusions was
conducted with a 100X telephoto lens by use of the THMS
G600 Cooling/Heating stage of the Linkam Company of the
U.K. The method and basis of analysis was EJ/Tll05-1999
Mineral Fluid Inclusion Temperature Measurement of Nuclear
Industry Standard of the People's Republic of China.
The sandstone of the reservoir was crushed, and then
extracted by chloroform for 72 h by means of Soxhlet
extraction. The extracts (chloroform bitumen “A”) were
separated through column chromatography composition sep-
aration experiments. The GC/MS analysis was conducted to
the saturated hydrocarbon fraction which was separated from
the experiment. The GC/MS analysis was conducted by use of
6890N-GC/5973N-MSD GC/MS equipment. The GC/MS
conditions were as follows: carrier gas, 99.9999% helium,Fig. 1. Map of Sugan Lake Sag.with a flow rate of 1.1 mL/min; temperature of injection port,
280 C, and injection volume of 1.0 mL; chromatographic
column, Agilent J&W HP-5 elastic-silica capillary column
(30 m  0.25 mm  0.25 mm); initial temperature was 80 C
with increase to 290 C with a rate of increase of 4 C/min for
a duration of 30 min; and electron impact (EI) ion source,
electron energy of 70 eV, transmission line temperature of
280 C and ion source temperature of 230 C.
3. Geochemical characteristics of crude oil
In petroleum geology, the analysis of biomarkers on crude
oil and the observation of organic petrology supplement each
other. In order to further analyze the relationship between the
biomarker characteristics of the crude oil and the oil inclusion
in the reservoir, the analysis for group compositions of soluble
organism and biomarkers were conducted on the nine sand-
stone samples of the reservoir collected from Well Sutan 1 at
depths between 2536.5 m and 2697 m in the northern margin
of the Qaidam Basin.3.1. The source of parent materials of crude oilThe biomarker characteristics of the crude oil indicated the
parent material type of the crude oil. The n-alkanes of the
crude oil from Well Sutan 1 were well preserved. The carbon
number distribution was nC12-nC37, the peak pattern of n-al-
kanes at the burial depths of 2620.67 m, 3640.57 m and
2697 m was dual hump, and the main peak carbons were all
nC15 and nC25, indicating that the source of parent material
was mixed source including contributions from aquatic or-
ganisms and terrigenous materials. The peak pattern of n-al-
kanes at other depths was single hump, and the main peak
carbon was nC23 or nC25, indicating that the source of parent
materials was mainly of terrigenous material [1,2]. Therefore,
these results indicate that these crude oil samples may contain
charging of crude oil whose source of parent materials was
aquatic organisms. The ratios of Pr/nC17 and Ph/nC18 are often
used in the study of the source of parent materials, maturity
and hydrocarbon generation environment of crude oil [3]. The
crude-oil research ratios of Pr/nC17 and Ph/nC18 were
distributed in a narrow scope, suggesting that the source of the
crude oil was continental facies Ⅲ, including the crude oil
buried at the depths of 2620.67 m, 3640.57 m and 2697 m
belonging to type Ⅲ1, and the 6 samples (the depths of
2536.55 m, 2552.95 m, 2554.96 m, 2622.02 m, 2622.78 m and
2695.65 m) belonging to type Ⅲ2 (see Fig. 2) [4].
The distribution characteristics of regular sterane in crude
oil can reflect the characteristics of source of parent materials.
The relative abundance of C27, C28 and C29 regular sterane in
the crude oil from Well Sutan 1 was 28.05%e36.21%,
21.85%e28.86% and 36.21%e48.78%, respectively (Table
1). The triangular charts of C27, C28 and C29 regular sterane
shown in Fig. 3 illustrate the following: the source of parent
materials of the crude oil buried at the depths of 2620.67 m,
3640.57 m and 2697 m were mixed source and included
contributions from aquatic organisms and terrestrial
Fig. 2. Correlation diagram of Pr/nC17 and Ph/nC18 with crude oil in Well
Sutan 1. Fig. 3. Triangular diagram of different regular sterane with crude oil.
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than that of the terrigenous organisms; and the source of
parent materials of the crude oil buried at other depths was
mainly of terrigenous organisms [5,6].
The value of the relative abundance of tricyclic terpane and
tetracyclic terpane in crude oil is to some extent related to the
parent material type [7]. Previous studies have indicated that if
the ratio of C25/C26 tricyclic terpane and the ratio of C25 tri-
cyclic terpane/C24 tetracyclic terpane are greater than 1.0, the
crude oil is marine crude oil, otherwise, the crude oil is con-
tinental crude oil [8]. As for the crude oil of Well Sutan 1, the
ratio of C25 tricyclic terpane/C26 tricyclic terpane and the ratio
of C25 tricyclic terpane and C24 tetracyclic terpane areTable 1
Related data of the biomarkers with crude oil in Well Sutan 1.
Analysis item Depth/m
2536.55 2552.95 2554.96
Pr/nC17 0.25 0.25 0.25
Ph/nC18 0.11 0.10 0.09
Pr/Ph 2.26 2.36 2.31
OEP1 1.059 1.056 1.050
OEP2 1.076 1.042 1.101
CPI 1.148 1.122 1.158
Tricyclic terpane/Pentacyclic terpane 0.189 0.200 0.201
Ts/Tm 4.389 5.412 4.876
Hopance(C27 þ C29)/C31þ 1.243 1.290 1.309
HopanceC31ab-22S/(22S þ 22R) 0.602 0.597 0.570
Gammacerane/HopanceC30ab 0.260 0.269 0.258
Tricyclic terpaneC25/C26 0.390 0.378 0.476
Tricyclic terpaneC25/Tetracyclic terpaneC24 0.317 0.252 0.283
HopanceC29-aa-20S/(20S þ 20R) 0.588 0.620 0.603
HopanceC29bb/(bb þ aa) 0.555 0.554 0.544
Relative content of rules sterane/% C27 33.84 34.36 33.93
C28 23.44 22.87 24.29
C29 42.72 42.77 41.78
Note: OEP1 ¼ (C13 þ 6  C15 þ C17)/(4  C14 þ 4  C16); OEP2 ¼ (C23 þ 6 
CPI ¼ [(C25 þ C27 þ C29 þ C31 þ C33)/(C26 þ C28 þ C30 þ C32 þ C34) þ (C250.324e0.507 and 0.252e0.655, respectively. The ratios of the
crude oil buried at the depths of 2620.67 m, 3640.57 m and
2697 m are all greater than those at other depths (Table 1),
thereby indicating that the parent material of the crude oil
from Well Sutan 1 is mainly terrestrial organic matter, and the
contribution of terrestrial organic matter to this crude oil was
less than that of the crude oil buried at other depths.3.2. Hydrocarbon generation environment of the crude oilGenerally, the Pr/Ph ratio indicates the hydrocarbon gener-
ation paleoenvironment of a crude oil and source rock. Pr is in a
dominant position in an oxidizing environment, and Ph is in a2620.67 2622.02 2622.78 2640.57 2695.65 2697.00
0.32 0.26 0.35 0.31 0.26 0.30
0.18 0.11 0.14 0.17 0.12 0.15
2.77 2.09 2.10 2.56 1.91 2.43
1.031 1.007 0.993 1.043 1.028 0.975
1.129 1.160 1.058 1.059 1.053 1.173
1.193 1.237 1.164 1.185 1.136 1.192
0.425 0.191 0.179 0.233 0.122 0.222
2.322 2.082 2.972 1.390 1.631 1.749
1.190 0.917 1.067 0.922 0.731 0.987
0.586 0.597 0.596 0.594 0.570 0.581
0.177 0.222 0.247 0.171 0.180 0.199
0.473 0.400 0.324 0.507 0.424 0.427
0.655 0.393 0.263 0.629 0.378 0.413
0.473 0.524 0.588 0.481 0.538 0.543
0.497 0.531 0.543 0.506 0.548 0.512
29.93 34.05 33.69 29.21 35.59 37.54
28.86 22.71 22.40 26.37 21.85 21.39
41.21 43.24 43.91 44.42 42.56 41.07
C25 þ C27)/(4  C24 þ 4  C26).
þ C27 þ C29 þ C31 þ C33)/(C24 þ C26 þ C28 þ C30 þ C32)]/2.
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generation paleoenvironment is generally considered to be a
strong reducing environment if Pr/Ph is greater than 0.8, and the
hydrocarbon generation paleoenvironment is considered to be
an oxidizing environment and the terrigenous organic matter is
considered to be input if Pr/Ph is greater than 3.0. The Pr/Ph
ratio range of the crude oil from Well Sutan 1 was 1.91e2.77,
showing phytane was in a dominant position, thereby indicating
that the crude oil was generated in a weak oxidizing to inclined
oxidizing environment [9e12].
As for the terpane chemical compound, the ratio ofP
tricyclic terpane/
P
pentacyclic terpane is a parameter rep-
resenting salinity. Generally, the hydrocarbon generation
environment is considered to be a fresh-water sedimentary
environment if the ratio is lower than 0.3, a brackish-water
sedimentary environment if the ratio is between 0.3 and 0.5,
and a high-salinity environment if the ratio is greater than 0.5
[13]. The range of the above ratio of the crude oil from Well
Sutan 1 was 0.122e0.425, indicating that the hydrocarbon
generation environment was a fresh-water sedimentary envi-
ronment. Gammacerane can also be used as a measure of the
salinity of a sedimentary environment which evolved from a
kind of Tetrahymana multiplying in a salt water environment.
The presence of gammacerane has been linked to an envi-
ronment with higher salinity [10,14]. The ratio of Gamma-
cerane/C30ab hopane in the crude oil of Well Sutan 1 was
0.171e0.269, indicating that the hydrocarbon generationFig. 4. Photomicrographs of fluid inclusion of reservoir hydrocarbon with Well
(c): 2554.96 m, Transmitted light; (d): 2554.96 m, Fluorescence; (e): 2622.02 m,
light; (h): 2556.55 m, Fluorescence; (i): 2697.00 m, Transmitted light; (j): 269
Fluorescence.environment derived from a fresh-water sedimentary envi-
ronment to a brackish-water sedimentary environment.3.3. The degree of evolution of crude oilPrevious study shows that many biomarker parameters can
be used to identify the degree of evolution of a crude oil and its
source rock. The CPI and OEP indexes of n-alkanes success-
fully detect the maturity of organic matter. In a low evolution
stage, the CPI and OEP indexes of n-alkanes of organic matter
have an apparent odd-even predominance. In a high evolution
stage, the CPI and OEP indexes are close to 1.0 without
apparent odd-even predominance. Generally, if the CPI and
OEP indexes are in the range of 0.8e1.2, the odd-even pre-
dominance is considered to disappear [15,16]. The CPI index of
the crude oil in this research was in the range of 1.122e1.193,
and the OEP1 (nC13-nC17) and OEP2 (nC23-nC27) were in the
ranges of 0.975e1.059 and 1.042 to 1.173, respectively,
showing that CPI had no odd-even predominance and thereby
indicating mature characteristics of mature organic matter.
The sterane C29aaa20S/(20S þ 20R) and C29abb/
(abb þ aaa) indexes can be used to determine the maturity of
a crude oil and its source rock. Generally, the equilibrium
values of sterane C29aaa20S/(20S þ 20R) and C29abb/
(abb þ aaa) parameters are 0.52e0.55 and about 0.7,
respectively [17,18]. The sterane C29aaa20S/(20S þ 20R) and
C29abb/(abb þ aaa) parameters of crude oil are less thanSutan 1. (a): 2552.95 m, Transmitted light; (b): 2552.95 m, Fluorescence;
Transmitted light; (f): 2622.02 m, Fluorescence; (g): 2556.55 m, Transmitted
7.00 m, Fluorescence; (k): 2698.20 m, Transmitted light; (l): 2698.20 m,
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0.25e0.4 in a low maturate stage, and the values are greater
than 0.4 in a mature stage [19]. The two parameters of the
crude oil of this research were in the range of 0.473e0.620
and 0.497 to 0.555, respectively, indicating that the crude oil
from Well Sutan 1 is a mature crude oil.
The Ts/Tm ratio of terpane and C3122S/(22S þ 22R) of
hopane is another useful means of determining the degree of
evolution of a crude oil and its source rock [20,21]. The
C3122S/(22S þ 22R) ratio of hopane is in a range of
0.570e0.602 reaching the equilibrium value of the parameter,
indicating that the degree of evolution of the crude oil from
Well Sutan 1 is high. The Ts/Tm ratio of hopane was greater
than 1.0, also indicating that the crude oil in this research is a
mature crude oil.
4. Accumulation of reservoir hydrocarbon4.1. Analysis of accumulation stage of reservoir
hydrocarbonThe accumulation stage and period of hydrocarbon reser-
voir is a key issue for geological evaluation in oil and gas
exploration. The quartz overgrowth for diagenetic mineral,
calcite cementation and various authigenic minerals can be
observed from the samples of all the lithology sections of Well
Sutan 1. There were two kinds of oil and gas inclusions in the
reservoir. The first was a large number of hydrocarbon in-
clusions existing in the inner healing crack of the quartz and
the crack between quartz granules (Fig. 4). The hydrocarbonFig. 5. Photomicrographs of fluid inclusion of reservoir gas-phase with Well Sutan
2581.88 m, Transmitted light, (d): 2622.78 m, Transmitted light.inclusions were distributed in lines and strips with irregular
shapes, and their lengths were in the range of 1e40 mm, and
generally smaller than 15 mm. The fluorescence color was
mainly blue-blue white, blue-green and yellow-green, indi-
cating that at least three stages of crude oil charging occurred
in this reservoir [22]. The second was pure gaseous inclusion
with no fluorescent existing in the cracks between the quartz
granules and the intergranular cement sandstone of the reser-
voir (Fig. 5), indicating only one stage of gas charging.
Based on the fluorescence color identification of the organic
inclusion, fluorescent spectral analysis was conducted related to
the main parameters of main peak wavelength (lmax) and
spectroscopy entropy (Q650/550) of the fluorescence spectra of
the organic inclusion. The analysis of the fluorescent spectral
parameters of the organic inclusion of Well Sutan 1 provided
the following results: (1) the lmax of yellow-green fluorescent
organic inclusion was 533e566 nm, and the Q650/550 was
0.53e0.70, (2) the lmax of blue-green fluorescent organic in-
clusion was 473e482 nm and the Q650/550 was 0.31e0.49, and
(3) the lmax of blue-blue white fluorescent organic inclusions
was 450e460 nm and the Q650/550 is 0.09e0.41. By comparing
the wavelength of the main peak of the fluorescence spectra and
spectroscopy entropy, an apparent partition existed among
organic inclusions with different fluorescence colors (Fig. 6),
suggesting three stages of charging of crude oil with different
maturities from the reservoir of Well Sutan 1 [23e26].
The measured homogenization temperature distribution of
the reservoir samples collected from Well Sutan 1
(2536.5e2697.0 m) is shown in Table 2. It shows that 4
screens of salty water charging, 3 screens of charging of salty1. (a): 2558.86 m, Transmitted light; (b): 2580.50 m, Transmitted light; (c):
Fig. 6. The correlogram with wavelength of main peak and spectroscopy
entropy.
Fig. 7. The burial and thermal evolution history of reservoir in Well Sutan 1.
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charging are found in the reservoir of Well Sutan 1
(2536.5e2697.0 m). Among the 4 screens of oil and gas
charging, the homogenization temperature range of the first
screen is 62.5e71.7 C that of the second screen is
80.5e85.2 C, that of the third screen is 95.3e103.7 C, and
that of the fourth screen is 120.0e121.6 C.4.2. Analysis of accumulation time of reservoir
hydrocarbonThe rock samples of fluid inclusion from Well Sutan 1 are
collected at the depth from 2536.5 m to 2697.0 m which
belong to Middle Jurassic formation (J2). The salty water in-
clusion is irregular in shape and distributed in line to strip
shape with different dimensions, the maximum of which is
with a dimension of 9 mm  5 mm, and the minimum with a
dimension of 1 mm  1 mm. The homogenization temperature
distribution range of the inclusion is 63.8e92.5 C and the
main peak values are 66e71 C and 73e79 C. Considering
the figure of the burial and thermal evolution history of the
reservoir in Well Sutan 1 (Fig. 7) [28], the accumulation time
of the first stage is considered to be about 142 Ma, theTable 2
Table of the homogenization temperature of reservoir inclusions in Well Sutan 1.
Depth/m Brine inclusion homogenization temperature Hydrocar
homogen
Th1 Th2 Th3 Th4 Th1
2536.55 107.5 128.3 148.6
2552.95 84.1 110.0 124.7 152.8
2554.96 74.7 105.5 139.2
2620.67 109.3 126.2 148.4
2622.02 93.2 127.4 142.7
2622.78 96.6 120.9 142.0
2640.57 84.8 133.4
2695.65 85.5 103.9 129.7 145.8
2697.00 72.7 105.4 130.6accumulation time of the second stage is considered to be
about 107 Ma and belongs to the tectonic inversion stage of
the Yanshan Movement of the late period of the early creta-
ceous epoch [27,28].
5. Conclusions
Analysis of the fluorescence pictures and fluorescence
spectra of the hydrocarbon inclusions of the reservoir, the
spectroscopy entropy and the homogenization temperature of
the inclusions shows that at least three stages of charging of
crude oil with different maturities and one stage of gas
charging occurred in the reservoir of Well Sutan 1 at depths
from 2536.5 m to 2697 m.
The accumulation time of the first stage of the reservoir
section of Well Sutan 1 was considered to be about 142 Ma,
and the accumulation time of the second stage was considered
to be about 107 Ma, indicating that these events occurred
during the tectonic inversion stage of the Yanshan Movement
in the late period of the early cretaceous epoch.
From the characteristics of crude oil biomarkers, the crude
oil from Well Sutan 1 (2536.5e2697 m) was determined to be
mature crude oil and its parent materials were from terrige-
nous higher plants. It was determined that the parent materialsbon brine inclusions
ization temperature
Oil and gas inclusions homogenization
temperature
Th2 Th3 Th1 Th2 Th3 Th4
135.6 62.5 103.7
71.1 95.3 120
107.0 63.3 80.5
143.8
69.2
139.8 67.3 85.2 121.6
91M. Sun et al. / Journal of Natural Gas Geoscience 1 (2016) 85e91of the crude oil at depths of 2620.67 m, 3640.57 m and 2697 m
were from aquatic organisms and had occurred as three events
of crude oil charging at different times, which corresponds
with organic inclusion study. The hydrocarbon generation
paleoenvironment of the crude oil was from a weak oxidizing
environment to an inclined oxidation environment, and from a
fresh-water sedimentary environment to a brackish-water
sedimentary environment.
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